At present, the long-term culture of ovarian tissue is problematic. The aim of this study was to measure apoptosis in long-term cultures of human ovarian tissue. Biopsies of human ovaries were cultured for 6 weeks. Samples were taken weekly for histological investigation. The apoptotic cells were marked with anti-caspase 3. Simultaneous to this experiment, other tissue samples were preincubated for 3 h with 1 mol staurosporine l -1 , an inducer of apoptosis, and apoptosis was compared among samples. Furthermore, the proportion of lethal cells was determined weekly. After 6 weeks, 99% of the tissue samples showed an intact structure. They expanded in all directions on the floor of the multi-wells to form a monolayer. Apoptotic cells could be marked only sporadically (16.3 Ϯ 5.9 fluorescence (counts per 3600 µm 2 )) after 6 weeks. After preincubation with staurosporine after the same period of culture, the proportion of apoptotic cells was significantly increased compared with that in untreated control samples (66.8 Ϯ 14.5 versus 16.3 Ϯ 5.9%, respectively; P < 0.05). Under the same experimental conditions, the proportion of lethal cells was 3.6 Ϯ 0.9, 3.9 Ϯ 2.1 and 5.2 Ϯ 1.5% for weeks 1, 3 and 6, respectively. After preincubation with 1 mol staurosporine l -1 , the proportion of pyknotic cells after 6 weeks of culture was significantly higher (37.2 Ϯ 4.4%) than that in control samples (3.95 Ϯ 2.05%; P < 0.05). No significant increase in apoptosis in cultured human ovarian tissue after 6 weeks was observed compared with control tissues on day 1. These results indicate that under optimal culture conditions it is possible to cultivate human ovarian tissue long term. The influence of long-term culture on hormone synthesis and follicle maturity will be investigated further.
(1 mm ϫ 1 mm ϫ 1 mm) with a scalpel. Some tissue pieces were fixed directly in 3.5% (w/v) paraformaldehyde for 60 min.
Tissue pieces (n = 6-12) from each woman were transferred to 24-well multi-well plates (Falcon). One to three slices were placed in each well. The pieces were cultivated in Dulbecco's modified Eagle ' s medium (DMEM; Gibco BRL, Life Technologies, Karlsruhe) supplemented with 15% fetal calf serum (FCS; Boehringer, Mannheim), 2 mmol L-glutamine l -1 (Gibco BRL), β-mercaptoethanol (final concentration 1.0 ϫ 10 -6 mol l -1 ) (Sigma, Deisenhofen), non-essential amino acids (NAA; Gibco BRL; stock solution diluted 1:100), 100 iu penicillin ml -1 (Gibco BRL), 0.1 mg streptomycin ml -1 (Gibco BRL) and 300 miu human recombinant FSH ml -1 (recFSH; Gonal F ® , Serono, Unterschleissheim) in a humidified incubator containing 5% CO 2 in air at 37ЊC. The medium was changed every 48 h.
Histology
Pieces of each tissue specimen were fixed in 3.5% (w/v) paraformaldehyde for histology and immunohistochemistry before and during the 6 weeks of culture. The tissue was embedded in paraffin wax, cut into sections (6 µm thickness) and stained with haematoxylin and eosin for histological investigation. The viable and atretic follicles were compared per high power field (ϫ 400 magnification) and per patient.
Anti-caspase-3 immunolabelling
Immunohistochemistry was performed with whole ovarian tissue. Imaging of apoptotic cells was monitored by anti-caspase-3 immunolabelling (Cell Signaling Technology, Beverly, MA). Three pieces of tissue were treated with 1 µmol staurosporine l -1 (Sigma) in culture for 3 h. The bacterial alkaloid staurosporine is used widely to induce apoptosis in many types of cell (Kruman et al., 1998) .
Ovarian tissue was washed three times in TBS and fixed in 3.5% (w/v) paraformaldehyde for 1 h at 4ЊC. After washing three times for 5 min with TBS containing 0.01% (v/v) Triton-X100 (TBST), the ovarian tissue was incubated with 1 ml blocking buffer for 45-60 min (0.01% (v/v) TBST containing 5% FCS).
Incubation with primary antibody anti-caspase 3 (1:100 dilution in TBST containing 5% (v/v) BSA) was performed for 24 h at 4°C. After incubation with the primary antibody, the ovarian tissue was washed three times for 5 min each time with 1 ml TBST. As a secondary antibody, a Cy5-conjugated goat anti-rabbit IgG (Dianova, Hamburg) was used at a 1:100 dilution for 1 h. The tissue was washed as described above. Fluorescence was monitored with an inverted confocal laser scanning microscope (LSM 410; Zeiss, Jena) using an oil-immersion ϫ 25 objective N.A. 0.80 (Neofluor; Zeiss). Excitation was performed using the 633 nm band of an He-Ne laser of the confocal setup. Emission was recorded using a longpass LP 655 nm filter set.
For quantitative immunohistochemistry, confocal images were recorded from ovarian tissue stained with secondary antibodies only (background fluorescence image) and tissue stained with primary and secondary antibodies. The pinhole settings of the confocal setup were adjusted to yield optical slices of 10 µm thickness. After subtraction of the background fluorescence, the fluorescence signal (counts) was evaluated by the image analysis software of the confocal setup in 3600 µm 2 areas of interest and was exported routinely for further analysis to Sigma Plot graphic software.
SYTOX green nucleic acid stain
Imaging of lethal tissue cells was monitored using the fluorescent dye SYTOX green nucleic acid stain (Molecular Probes, Eugene, OR). Short incubation with SYTOX green stains the nucleic acids of dead cells. Fixed tissue was embedded in paraffin wax and cut into serial sections (6 µm thickness). Paraffin wax was removed and the sections were rehydrated. After washing, they were loaded for 5 min with 1 µmol SYTOX green l -1 . After loading, the sections were washed three times in PBS. For fluorescence excitation, the 488 nm line of an argon ion laser of the confocal setup was used. Emission was recorded with a 515 nm longpass filter. The proportion of pyknotic cells was counted in 160 µm 2 regions of interest in different areas of every sample.
Statistical analyses
Data are given as mean Ϯ SD with n denoting the number of experiments performed with different ovarian tissue cultures. In each experiment, at least three pieces of ovarian tissue from each woman were examined. Student's t test for unpaired data was applied as appropriate. A value of P < 0.05 was considered statistically significant.
Results
After 6 weeks of culture, 99% of the tissue samples showed an intact structure. The samples expanded in all directions on the floor of the multi-wells and formed a monolayer (Fig.  1) . In the paraffin wax sections, each piece was surrounded by two to four layers of connective tissue cells that looked like a capsule (Fig. 2) .
Viable, non-atretic follicles and secondary follicles were observed in freshly collected tissue and in ovarian tissue cultured for up to 6 weeks (Fig. 3) . Mitoses in granulosa cells confirmed that cell division was occurring in the cultures. Follicles were observed in both the central and peripheral areas of the cultured pieces of tissue. Follicle morphology did not differ between cultured ovarian tissue and controls.
Culture of ovarian tissue and apoptosis
The tissue pieces were stained with anti-caspase-3 as described above to investigate whether long-term culture changes the number of apoptotic cells in ovarian tissue.
After 6 weeks, the apoptotic cells could be marked only sporadically (16.3 Ϯ 5.9 fluorescence (counts per 3600 µm 2 )). The fluorescence in the control samples was 10.5 Ϯ 6.3 on day 1 and 9.1 Ϯ 7.1 after 1 week. Two to three pieces of the ovarian tissue from each patient were preincubated for 3 h with staurosporine (1 µmol l -1 ), which is an inducer of apoptosis, to determine the number of apoptotic cells produced as a consequence of the apoptotic induction. After preincubation of ovarian tissue with staurosporine, the proportion of apoptotic cells of each tissue was significantly higher compared with that in untreated control samples (66.8 Ϯ 14.5 and 16.3 Ϯ 5.9%, respectively) (n = 3 for each experimental condition) (Fig.  4) . The fluorescence after preincubation with staurosporine on day 1 was 36.0 Ϯ 11.0 counts per 3600 µm 2 . The increase in caspase-3 immunofluorescence in the treated samples compared with that in the untreated control is shown (Fig. 5) .
Culture of ovarian tissue and lethal cells
The ovarian tissue was loaded with SYTOX green nucleic acid stain (1 µmol l -1 ), which binds with high affinity to the triplex structure of the nucleic acids, to determine whether an increase in lethal cells can be observed during long-term culture. The proportion of lethal cells was not significantly higher than on day 1 (Fig. 6) . Under the same experimental 660 G. Rahimi et al. conditions, the proportion of pyknotic cells was 3.6 Ϯ 0.9, 3.9 Ϯ 2.1 and 5.2 Ϯ 1.5% at weeks 1, 3 and 6, respectively (n = 3 for each experimental condition). The proportion on day 1 was 3.7 Ϯ 1.5%. Pyknotic cells are round and show an increased fluorescence.
After preincubation of 6-week-old ovarian tissue with 1 µmol staurosporine l -1 for 3 h, the proportion of pyknotic cells was significantly higher (37.2 Ϯ 4.4%) than in the untreated control samples (3.9 Ϯ 2.1%) (Figs 7 and 8 ). After preincubation with staurosporine on day 1, 25.0 Ϯ 8.2% of the cells were pyknotic. 
Discussion
Apoptosis is a morphological process caused by a cellular suicide programme that is associated with physiological or programmed cell death. Wu et al. (2000) found that some oocytes that had matured in vitro underwent apoptosis. The same process occurs in vivo, as oocytes that mature in vivo will degenerate if they are not fertilized. Recent studies have indicated that apoptosis may be the underlying mechanism of ovarian follicle degeneration during atresia (Hughes and Gorospe, 1991; Tilly et al., 1991; Hsueh et al., 1994) . Apoptosis is a process of active and selective cell deletion that requires active gene expression. It is characterized by certain morphological events such as pyknosis of cell nuclei and formation of apoptotic bodies (Kerr et al., 1972) .
The morphological changes that occur in granulosa cells of follicles undergoing atresia match all apoptosis-related morphological characteristics (Tsafriri and Braw, 1984) .
Several hormones and factors have been reported to play key roles in apoptosis in ovarian tissue. Gonadotrophins and oestrogens prevent apoptosis, and androgens antagonize the effect of oestrogens (Chun et al., 1994; Billig et al., 1995) . Drugs and radiation can increase apoptosis in many normal tissues and in some tumours (Thompson, 1995) .
Until recently, terminal deoxyribonucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick end labelling (TUNEL) was the method of choice to detect apoptosis. However, an increasing number of studies have reported false positive results with this method: TUNEL assay detected DNA repair but not apoptosis in cardiac myocytes (Kanoh et al., 1999) ; TUNEL reactivity was produced by histological sectioning (Sloop et al., 1999) ; and false positive TUNEL labelling was detected in mouse kidney and liver (Pulkkanen et al., 2000) . Therefore, caspase-3 immunohistochemistry and analysis of pyknotic nuclei were used in the present study.
In the present study, no significant increase in apoptosis was observed in cultured human ovarian tissue after 6 weeks compared with controls on day 1 of culture.
It proved possible to induce apoptosis with staurosporine at different times of culture. This finding indicates that, after long-term culture, death receptors (cell surface receptors) are still able to transmit apoptosis signals initiated by specific 'death ligands'. These receptors have direct access to the caspase system and can activate death caspases within seconds of ligand binding, causing an apoptotic demise of the cell within hours. Death receptors belong to the tumour necrosis factor (TNF) receptor gene superfamily, which is defined by similar, cysteine-rich extracellular domains (Smith et al., 1994) .
The results of the present study indicate that 'fresh' human ovarian tissue is less susceptible to apoptosis than cultured ovarian tissue after preincubation with staurosporine.
From these results it is not possible to determine that the two methods used to detect apoptosis yield different rates of apoptosis, as the SYTOX method detected the percentage of pyknotic cells in a defined region of interest (160 µm 2 ), whereas analysis of the caspase-3 immunofluorescence intensity in a defined region of interest (3600 µm 2 ) quantified the caspase-3 labelling.
The relationship between commitment to apoptosis and the position of a cell in the cell cycle appears to vary with respect to the type of cell and lethal stimulus.
Staurosporine is a protein kinase inhibitor that blocks G1/S and G2/M cell cycle transitions, resulting in the accumulation of G1 or G2 interphase cells, depending on the applied dosage (Myint and Sit, 1997).
Frozen-thawed human follicles appear viable and capable of further development in culture (Hovatta et al., 1997) . This finding indicates that cryopreservation of human ovarian tissue for use in future infertility treatments could be worthwhile. Ovarian biopsy is a relatively simple method to obtain ovarian tissue. Growth of follicles in vitro to stages at which they can be used for IVF would have major benefits for infertile women, clinicians and scientists. It may be especially important to women who are undergoing procedures likely to result in sterilization, such as chemotherapy or radiotherapy (Wood et al., 1997) . Ovarian tissue can be removed before treatment begins and cryopreserved until an appropriate time. There is no known risk of transmission of cancerous cells with in vitro maturation, which could occur if the tissue was regrafted (Gosden et al., 1997; Shaw and Trounson, 1997) .
The results of the present study indicate that it is possible to culture human ovarian tissue long term under optimal culture conditions. Human primordial or primary follicles can be maintained and are obviously growing in long-term cultures of ovarian tissue from adult women. The presence of secondary follicles can be regarded as evidence of follicular growth.
The influence of long-term culture on hormone synthesis and follicle maturity will be the subject of further study. In addition, which types of cell are more prone to apoptosis during long-term culture will be investigated. Further development of cultures could extend the therapeutic concept with cryopreserved as well as non-cryopreserved tissue, for example, in connection with planned transplantations.
